Mean arterial pressure (MAP) increases after birth, however, the mechanisms remain unclear. Systemic angiotensin II (ANG II) infusions increase MAP in newborn sheep, but the direct effects of ANG II on peripheral vascular resistance (PVR) are minimal. Thus, its systemic pressor effects may reflect release of other pressor agents, e.g. ␣-agonists and/or AVP, suggesting they contribute to postnatal regulation of MAP and PVR. To address this, we performed studies in conscious sheep at 7-14, 15-21, and 22-35 d postnatal, infusing phenylephrine (PE) or AVP systemically or intra-arterially into the hindlimb while measuring MAP, heart rate (HR), and femoral blood flow (FmBF The transition at birth is accompanied by increases in MAP that occur in at least two phases. There is an initial rapid rise soon after birth, likely due to the removal of the low-resistance placental vascular bed and closure of several fetal vascular shunts. Simultaneous with this is an elevation in circulating levels of catecholamines, ANG II, and AVP (1-4). The second phase is characterized by a gradual rise in MAP that occurs over several days and appears to be developmentally regulated (1,5-9). The mechanisms regulating these changes in MAP are poorly understood and could include the postnatal clearance of placentally derived vasodilators, e.g. prostacyclin, nitric oxide, and estrogen (10,11), increases in central sympathetic outflow (12), age-dependent changes in VSM receptor expression or function (13), maturational and/or function changes in VSM (14), or increases in cardiac output (15). Although cardiac output increases in absolute terms, values (measured in milliliter per minute per kilogram) are reported to fall in the first month after birth (15).
The transition at birth is accompanied by increases in MAP that occur in at least two phases. There is an initial rapid rise soon after birth, likely due to the removal of the low-resistance placental vascular bed and closure of several fetal vascular shunts. Simultaneous with this is an elevation in circulating levels of catecholamines, ANG II, and AVP (1) (2) (3) (4) . The second phase is characterized by a gradual rise in MAP that occurs over several days and appears to be developmentally regulated (1, (5) (6) (7) (8) (9) . The mechanisms regulating these changes in MAP are poorly understood and could include the postnatal clearance of placentally derived vasodilators, e.g. prostacyclin, nitric oxide, and estrogen (10, 11) , increases in central sympathetic outflow (12) , age-dependent changes in VSM receptor expression or function (13) , maturational and/or function changes in VSM (14) , or increases in cardiac output (15) . Although cardiac output increases in absolute terms, values (measured in milliliter per minute per kilogram) are reported to fall in the first month after birth (15) .
Alternatively, changes in either the availability or vascular responsiveness to circulating vasoactive substances may contribute to the regulation of postnatal MAP. For example, ANG II, catecholamines, and AVP modulate MAP in the fetus and adult (1,16 -19) and might also contribute to postnatal regulation of MAP. This could occur through an increase in their direct effects on PVR, which might be due to decreases in the synthesis of local vasodilators (10, 11) or increases in VSM sensitivity.
Indeed, the responses to norepinephrine and AVP in the isolated ear artery of the developing sheep increase with increasing postnatal age (20) . Although systemic infusions of ANG II in conscious postnatal sheep increase MAP and PVR, as reflected by increases in FmVR, arterial infusions directly into the hindlimb do not alter FmBF or FmVR (21) . Furthermore, these responses are similar throughout the first postnatal month (21, 22) , mirroring the prevalence of the nonvasoconstricting type-2 ANG II receptor subtype (AT2 ) in peripheral VSM until 3-4 wk postnatal (13, 23) . Thus, the rise in basal MAP after birth is unlikely due to increases in vascular sensitivity to ANG II.
Catecholamines and AVP also modify postnatal MAP and mediate these responses through different receptors; therefore, their effects on MAP and PVR may differ from ANG II. Furthermore, their secretion increases in the presence of ANG II (24 -26) . Woods et al. (17) observed that ␣-adrenergic blockade decreased MAP in postnatal sheep, but this was attenuated with increasing age. Thus, the contribution of catecholamines to the maintenance of postnatal MAP and vascular tone is developmentally regulated (17, 27) . Although AVP increases MAP dose dependently in fetal sheep (19) , its contribution to postnatal MAP regulation is unclear. Furthermore, no one has compared the effects of systemic and peripheral arterial infusions of an ␣-agonist or AVP on neonatal pressor responses and PVR. Therefore, the objectives of the present study were 1) to examine the effects of PE, an ␣1-agonist, and AVP on pressor responses and PVR, and 2) to determine whether they elicit age-dependent changes in vascular reactivity that contribute to the regulation of postnatal blood pressure in conscious postnatal sheep.
METHODS
Animal preparation. Six newborn sheep were serially studied between 7 and 35 d postnatal. Surgery was performed at 3-5 d of life using procedures previously described (21) . Briefly, each animal received preoperative subcutaneous atropine (0.088 mg/kg) followed by sodium pentobarbital (7.5-10 mg/kg i.v.) and 1% ketamine hydrochloride (1-2 mg/kg i.v.) via a percutaneous jugular venous catheter. During surgery, 1% ketamine hydrochloride (1 mg/kg i.v.) was administered to maintain deep anesthesia. Through an inguinal incision in one hindlimb, polyvinyl catheters containing heparinized saline (250 units/mL) were implanted into the femoral artery 12.5 and 7.5 cm for cardiovascular monitoring and blood sampling, respectively, and the femoral vein (15 cm) for systemic infusions of PE and AVP. An inguinal incision was made in the contralateral hindlimb, and a 3.0 -4.0 mm I.D. electromagnetic flow probe (Carolina Medical, King, NC) was implanted on the femoral artery proximal to the branching of the superficial saphenous artery to continuously measure FmBF. A polyethylene catheter (PE 50) filled with heparinized saline (250 units/mL) was inserted into the superficial saphenous artery with the tip lying at the junction with the femoral artery for intra-arterial infusions of PE and AVP. The catheters were flushed with heparinized saline (250 units/mL) and closed with metal pins. The flow probe leads and catheters were brought out to the flank through a subcutaneous tunnel and placed in a canvas pouch attached to the skin with sterile steel pins. The skin incisions were closed in one layer with surgical staples. During surgery, animals received 10% dextrose and isotonic saline at 20 mL/kg ⅐ h to prevent hypoglycemia and hypovolemia. All animals received banamine (0.1 mL i.v., Schering-Plough Animal Health, Union, NJ) for pain and intramuscular penicillin (60,000 units) and gentamicin (7.5 mg) for prophylaxis immediately after surgery and on the first two postoperative days. Immediately after surgery, animals received 70 mL/kg of 5% dextrose and isotonic saline over 4 h and were maintained under a heated warmer until they had fully recovered from the anesthesia.
After recovery, animals were returned to their mothers for feeding, but were removed the first night and monitored in a postoperative recovery facility within the Animal Resources Center. Subsequently, each animal was kept with its mother except during the time of an experiment. Catheters were flushed daily with sterile heparinized saline (250 units/mL) to maintain patency. All animals received intramuscular penicillin (60,000 units) and gentamicin (7.5 mg) at the completion of each study for prophylaxis. These studies were approved by the Institutional Animal Care and Use Committee at UT Southwestern Medical Center at Dallas.
Experimental protocols. Experiments were performed after the animals were considered to have recovered from surgery and anesthesia; thus, no animal was studied before postoperative d 4. Studies were performed with the animals in a sling, and only after a 30 -40 min period demonstrating stable hemodynamic parameters and arterial blood gases.
The experiments were divided into two protocols to assess cardiovascular responses to systemic and intra-arterial hindlimb infusions of PE and AVP.
Protocol 1: systemic infusions. Four doses of PE (1.0, 2.0, 4.0, and 8.0 g/kg ⅐ min, Sigma Chemical Co., St. Louis, MO) and AVP (0.97, 1.29, 2.58, and 5.16 mU/kg ⅐ min, Lyphomed, Des Plaines, IL) that had previously been studied in our laboratory were used in the present studies (19, 28) . Because animals were actively growing, doses were corrected for weight (g/kg ⅐ min or mU/kg ⅐ min) to account for increases in weight during the study period. After a 30-min stabilization period, doses of one vasoconstrictor were randomly infused through the femoral venous catheter using a constant infusion pump (Harvard Apparatus, South Natick, MA). Each dose was continuously infused for 15 min to achieve steady-state hemodynamic responses while continuously monitoring MAP and HR with a pressure transducer (model P23XL, Gould Corp., Cleveland, OH) and FmBF with an electromagnetic flow meter (model 551, Carolina Medical). The signals were recorded on an eight-channel recorder (model RS 3800, Gould Corp.) and on the PONEMAH Data Acquisition System (Gould Corp.). At least 20 min was allowed between doses so that hemodynamic parameters returned to baseline values. FmVR was calculated from MAP divided by FmBF before and at 12-15 min during steady-state responses. Arterial blood (0.3 mL) was obtained for measurement of blood gases before each dose; hematocrit was measured before and at the end of each experiment. Samples were analyzed with a blood gas analyzer (model 113, Instrumentation Laboratory, Lexington, MA) and the Wintrobe capillary method for hematocrit. Each agent was studied after a 24-h recovery period to minimize residual effects from the previous agent studied. Animals were studied at three ages, 7-14 d, 15-21 d, and 22-35 d postnatal, to assess age-dependent or developmental alterations.
Protocol 2: intra-arterial infusions. To determine the effects of each agent on PVR independent of systemic effects and changes in MAP or perfusion pressure, we examined the responses to local arterial infusions of each agent via the superficial saphenous artery catheter (21) . To more accurately compare the effects of systemic and local infusions of each agent, the hindlimb should be exposed to similar plasma concentrations of the agent. Therefore, we calculated the estimated arterial concentrations (ng/mL or U/mL) that might be achieved during continuous systemic infusions, using the systemic infusion rate (g/min or mU/min) divided by the estimated cardiac output (mL/min) determined from observations of Woods et al. (15) . These were corrected for postnatal age and weight for each animal and assumed the presence of steady-state conditions. The local PE or AVP infusion rates (ng/min or U/min) were then calculated from the product of the estimated arterial plasma concentration (ng/mL or U/mL) desired and multiplied by FmBF (mL/min). Because of changes in postnatal weight and cardiac output during the study period, a broad range of PE and AVP arterial concentrations were studied, using rates of infusion that were 0.16 -17.7 ng/min and 0.13-12.6 U/min, respectively. Each animal received four randomly infused arterial doses of each agent. Studies of intra-arterial PE or AVP always followed the assessment of systemic infusions and were performed on the same day after a recovery period or within 24 h of systemic infusions to minimize potential agedependent changes ( Table 1 ). The order of drug was randomized.
Data analysis. Responses were analyzed as the absolute and relative changes, using measurements obtained immediately before each dose of PE or AVP and at 12-15 min during the steady-state responses to continuous PE or AVP infusions. To compare responses by hemodynamic parameters with different units, e.g. MAP, FmBF, and FmVR, and changes across postnatal age, data are presented as the relative or percentage change (%⌬) from baseline (21, 29) . One-way ANOVA for repeated measures was used to analyze the changes in hemodynamic parameters across postnatal ages and across doses within each age group. When significance (p Ͻ 0.05) was observed, NewmanKeuls multiple comparisons were used to define differences between age groups and/or doses. Paired t test was used to determine changes from baseline.
ANOVA for multiple comparisons was used to examine dose-response relationships, followed by Newman-Keuls to define differences at p Ͻ 0.05. Nonparametric analysis was used where appropriate. Two-way ANOVA was used to assess differences between hemodynamic parameters. Regression analysis was also used to examine changes across doses and interactions between hemodynamic variables. Data are presented as mean Ϯ SEM. Reported differences are considered significant at p Ͻ 0.05.
VASOCONSTRICTOR RESPONSES AFTER BIRTH

RESULTS
Baseline parameters. There were no differences in the baseline measurements of postnatal age, weight, arterial blood gases, and hematocrit before each study of the systemic and local effects of PE and AVP. Thus, the baseline data were combined and are presented in Table 2 for each age period studied. Each animal gained weight during the study period, values increasing ϳ40% (p Ͻ 0.001, ANOVA). Although the hematocrit was unchanged during the course of individual experiments, values fell ϳ30% during the first postnatal month (p Յ 0.01), likely reflecting the increase in plasma volume that normally occurs during this time (30) . There also was an age-dependent rise in baseline MAP, fall in HR, and rise in FmBF that was associated with a 20 -30% fall in FmVR (Tables 3 and 4) . Because of variability between animals, the changes in FmBF and FmVR were only significant in the AVP studies (p Յ 0.03, ANOVA; Table 4 ). Baseline hemodynamic measurements obtained before the study of the effects of systemic and arterial infusions of PE or AVP demonstrated a similar pattern of change.
Responses to systemic PE and AVP infusions. The systemic infusion of PE resulted in a rise in MAP that achieved a steady-state response within 6 -7 min and was associated with the simultaneous fall in HR and FmBF (Fig. 1A) . Since there were age-dependent changes in basal hemodynamic parameters, the data were analyzed using the relative change from baseline (%⌬), which permits a comparison across ages and between hemodynamic variables (21, 29) . Although there were age-dependent differences in basal MAP and HR, there were no differences in baseline measurements obtained immediately before each dose of PE (p Ͼ 0.05, ANOVA) at each age. Systemic PE increased MAP with each dose studied (paired t test, p Ͻ 0.01) in a dose-dependent fashion at each age (p Ͻ 0.001, ANOVA; Table 3 ). Notably, there were no differences in the responses between the three age groups (ANOVA, p Ͼ 0.05). The rise in MAP was associated with a decrease in HR with each dose (p Ͻ 0.05) that also was dose-dependent (p Ͻ 0.001, ANOVA) and did not differ between age groups, demonstrating an intact baroreceptor response throughout the study period.
As with MAP and HR, baseline FmBF and FmVR before individual doses of PE did not differ within any age group. Systemic PE decreased FmBF dose dependently (p Ͻ 0.001, ANOVA; Table 3 ) during each age period and was associated with a dose-dependent rise in FmVR (p Ͻ 0.001, ANOVA). However, the responses in FmBF and FmVR did not differ between age groups. Because blood flow to a vascular bed generally reflects the simultaneous relative changes in perfusion pressure, i.e. MAP, and vascular resistance in that vascular bed (21,26), we examined the simultaneous %⌬ MAP and %⌬ FmVR during systemic infusions of PE. At each dose of PE, the relative rise in FmVR consistently exceeded the increase in MAP, thereby explaining the observed fall in FmBF (Fig. 2) .
The continuous systemic infusion of AVP also resulted in a rise in MAP that quickly achieved a steady state and was associated with a fall in HR and FmBF, resembling the pattern of responses seen with PE (Fig. 1A) . As noted above, baseline hemodynamic variables before each dose and within each age period did not differ. Absolute changes in hemodynamic parameters during systemic AVP infusions are presented in Table 4 .
Systemic AVP increased MAP with each dose studied (paired t test, p Ͻ 0.04) in a dose-dependent manner during each age period (p Ͻ 0.001, ANOVA). HR also fell dose dependently (p Ͻ 0.001). However, as with PE, there were no significant differences between age groups in either the systemic pressor responses or fall in HR. Systemic AVP also decreased FmBF dose dependently (p Ͻ 0.001, ANOVA), and this was associated with a reciprocal dose-dependent rise in FmVR (p Ͻ 0.001, ANOVA). Notably, the responses in FmVR and FmBF did not differ between age groups, and, as with PE, the rise in FmVR always exceeded the relative rise in MAP at each dose studied and at each age (Fig. 2) . However, the AVP-induced increases in FmVR and MAP at each age were significantly less than those observed with PE (p Ͻ 0.05). Because the pressor responses to an agent involve several factors, including changes in PVR, we examined the relationship between the %⌬ MAP and %⌬ PVR, represented by FmVR, during the first postnatal month (Fig. 3) . A linear relationship was evident at each age for each agent; however, the slopes of the linear regression for both agents were Ͻ1.0 for each age group and did not approximate the line of identity: Thus, alterations in cardiac output may have modified the increases in MAP. It is notable that the slopes of the curves (Fig. 3 ) appear to decrease with increasing age, suggesting an increasing cardiac effect with increasing age.
We also examined the baroreceptor responses at each postnatal age with both agents, using the relationship between the %⌬ MAP and %⌬ HR (Fig. 4) . The relationship between these parameters is shown by the following equations: Values are mean Ϯ SEM; n ϭ 5 newborn animals for each age group. Different superscripts across doses (rows) starting with 1.0 demonstrate significant differences between doses within each age using ANOVA for multiple groups, p Ͻ 0.05.
Different superscripts under baseline (column 1) reflect significant differences between age groups using ANOVA, p Ͻ 0.05. , r ϭ 0.99 Both agents caused a rise in the %⌬ MAP and a reciprocal fall in %⌬ HR, demonstrating an intact baroreceptor response at each age that is not age-dependent. Although the PE-induced increases in MAP exceeded those with AVP (p Ͻ 0.05), the fall in HR was greater with AVP. This is consistent with prior observations that decreases in HR during systemic AVP infusions reflect baroreceptor responses plus a direct inhibitory effect of AVP on HR (19) .
Responses to arterial infusions of PE and AVP. Systemic infusions of PE and AVP induce systemic and local responses, and the former may modify local responses in blood flow through a variety of mechanisms (21) . To determine the direct effect of each agonist on FmBF and FmVR in the absence of changes in perfusion pressure, we examined the hindlimb vascular responses to arterial infusions of both agents. A representative hemodynamic response to the arterial infusion of PE is shown in Figure 1B . As illustrated, there were decreases in FmBF in the absence of changes in MAP and HR. A similar pattern of response was observed with AVP. Intraarterial PE and AVP decreased FmBF in the absence of changes in MAP and HR at each age, demonstrating a direct vasoconstrictor response in the hindlimb. Furthermore, the fall in FmBF was associated with a parallel and proportionate rise in FmVR at each age (Fig. 5) . In contrast to the responses observed during systemic infusions, there are no apparent differences between the responses to the two agents during arterial infusions. Moreover, the slopes appear to be similar, suggesting there is no an age-dependent effect: 
DISCUSSION
The mechanisms that regulate MAP after birth remain unclear. Although ANG II was believed to make an important contribution, the AT2 receptor subtype persists in the peripheral VSM until 3-4 wk postnatal (13) and arterial ANG II infusions into the hindlimb have no direct effect on FmVR during this time (21) . Thus, ANG II probably plays a minor role in directly modulating PVR in the fetus and newborn through the first postnatal month (21, 31) , but may alter MAP through other mechanisms, including the release of other agonists (24 -26) . Although catecholamines and AVP may be important modulators of postnatal MAP, their effects on PVR remain unclear. That is, no one has compared responses to systemic and peripheral arterial infusions. In the present report, we performed serial studies in conscious postnatal sheep during the first 4 -5 wk after birth, examining simultaneous changes in basal MAP, HR, FmBF, and FmVR during systemic and peripheral arterial infusions of PE and AVP. We observed 1) age-dependent increases in basal MAP and FmBF associated with decreases in HR and FmVR, 2) dose-dependent responses in MAP and FmBF during systemic PE and AVP infusions that were not age related, and 3) direct vasoconstrictor responses to PE and AVP that also were not age related. Thus, although it is possible that both agents may contribute to the regulation of newborn MAP, peripheral vascular sensitivity is unaltered, suggesting other mechanisms contribute to the postnatal rise in MAP.
In the present studies, we have confirmed earlier observations that basal MAP increases after birth, values nearly doubling by 7-14 d when compared with term fetal sheep (2, 17, 22) . Furthermore, values continue to rise and plateau after the second week postnatal, which is consistent with observations in both newborn sheep (2, 17, 21) and preterm neonates (8, 9) . It is unclear what facilitates this secondary rise in basal MAP. It could reflect increases in PVR, enhanced peripheral vascular sensitivity to circulating pressors such as ANG II, catecholamines or AVP, alterations in plasma levels of these agents, or modifications in cardiac output. It is notable that although MAP rose after birth, there was a tendency for PVR to fall, as reflected by decreases in FmVR and an increase in FmBF in the first month postnatal. It is possible the hindlimb is not representative of the peripheral vasculature as a whole and, therefore, does not mirror changes in total PVR.
Because MAP did not fall in association with the fall in basal FmVR, there must be alterations in cardiac output that maintain and/or increase MAP (15) . Unfortunately, we did not measure cardiac output. It also is noteworthy that, similar to earlier observations (21) , HR fell during the study period; therefore, one would suspect that if cardiac output increases, this is mediated by increases in stroke volume, which increases with postnatal age (15, 32) .
After birth, basal HR fell as MAP rose. This provides evidence of an intact baroresponse that could be reset (33), or, Tables 3 and 4. 63 VASOCONSTRICTOR RESPONSES AFTER BIRTH as previously alluded to, could reflect an increase in parasympathetic activity (17, 34) . Alternatively, there may be a change in the intrinsic conducting mechanisms within the heart (35). When we examined the baroresponse, it was intact at each age studied, but there was no apparent age-related response to either agonist, indirectly suggesting alterations in parasympathetic activity or cardiac conductivity. This is easier to assess with PE than AVP inasmuch as AVP also has a depressant effect on HR that is evident in these neonatal studies as well as prior studies in term fetal sheep (19) .
Systemic infusions of PE and AVP dose-dependently increased MAP at all ages studied; however, as with ANG II (21) , this was unchanged during the first month postnatal. Because increases in MAP reflect changes in PVR and/or cardiac output, we examined the role of peripheral vascular sensitivity. To address this, we continuously measured FmBF and calculated FmVR as a proxy for PVR. Although FmVR rose dose dependently and the increases at each dose and age exceeded the simultaneous relative rise in MAP, the responses also were not age dependent for PE or AVP. Thus, we have shown that, unlike ANG II, PE and AVP are potent direct peripheral vasoconstrictors. However, it is now apparent that peripheral vascular reactivity to these and other agents is unchanged during the first month postnatal (14, 21, 36) . This also appears to be true in preliminary studies of fetal and neonatal arterial rings (unpublished studies). We (37) recently observed this was not due to enhanced clearance of ANG II after birth. The clearance of infused ␣-agonists and AVP after birth is unknown. It also was of interest that the increases in MAP and FmVR associated with systemic PE infusions exceeded that seen with AVP. However, this conclusion is limited by the fact that different doses and units of the two agonists were used. If this is real, the differences in pressor responses may reflect the depressant effect of AVP on HR, leading to a decrease in cardiac output. Because the %⌬ MAP is less with AVP, the buffering effect of perfusion pressure on the %⌬ FmVR might also be less. Thus, PE may be a more potent direct vasoconstrictor in the newborn hindlimb than AVP, or local or circulating vasodilators or antagonists modulate AVP responses, which can be addressed by removing the systemic effects of each agent.
To remove the effects of systemic infusions, we examined the direct vasoconstrictor effects of PE and AVP by infusing each agent directly into the arterial circulation of the hindlimb (21). If we had not done this in our studies of ANG II in fetal and newborn sheep (21,31), we would have erroneously concluded that ANG II was a potent peripheral vasoconstrictor, raising important questions regarding the function of the AT2 receptor during development (13, 23) . Unlike ANG II, both PE and AVP elicited direct effects on FmBF and FmVR in the absence of any systemic contribution. This clearly demonstrates that both agents are potent peripheral vasoconstrictors and their VSM receptors are present and functional. This also suggests that the VSM is mature and capable of eliciting a contraction response soon after birth that exceeds that seen in fetal animals (20) . In contrast to that observed with systemic infusions, there were no differences in the hindlimb responses to either agent. Thus, systemic AVP infusions may induce the release of a circulating antagonist that attenuates the changes in PVR. This can be examined in future studies using this model.
In the present study, we have shown for the first time during the first month postnatal that, unlike ANG II (21, 31) , PE and AVP are potent peripheral vasoconstrictors in conscious sheep and are capable of directly affecting PVR independent of changes in perfusion pressure. It is intriguing to speculate that, as in nonpregnant and pregnant adult animals (25, 26, 38) , these agents may mediate the pressor responses and increases in FmVR seen during systemic ANG II infusions (21) and thus mediate the contribution of the RAS to the regulation of vascular tone after birth. Similar to ANG II, there was no age-dependent increase in vascular sensitivity with either agent during the study period. Although persistent AT2 receptor expression in VSM may account for this with ANG II (13), the explanation for PE and AVP is not readily apparent and deserves further study. Nonetheless, these studies appear to exclude increases in PVR or VSM reactivity as an explanation for the rise in basal MAP observed during the first month after birth.
